The presence of interlaminar interstitial defects like hydrogen affects the mechanical properties of van der Waals-bonded layered materials such as transition metal chalcogenides. While the embrittling effect of hydrogen is well understood in metals, the impact of hydrogen defects on the mechanical behavior of layered chalcogenides remained unexplored. In this article, we use density functional calculations to reveal the influence of different hydrogen point defects on important mechanical metrics, including binding energies, elastic moduli and tensile and shear strengths of a prototypical ionic layered material, mackinawite, Fe 1+x S. We find that one of the low-energy hydrogen defect structures, interlaminar molecular H 2 interstitials, severely degrades the strength of inter-layer van der Waals interactions in the mackinawite crystal. This leads to a significant (over 80%) degradation in the mechanical properties of the mackinawite crystal and enables facile interlayer sliding and exfoliation. This finding suggests the mechanisms for cathodic exfoliation of transition metal chalcogenides like Fe 1+x S, and presents a plausible mechanism for the poor protectiveness of layered passive films like mackinawite that undergo failure by spalling or delamination.
Introduction and motivation
The behavior of hydrogen point defects in layered, van der Waalsbonded crystals is of central importance to several applications like electrochemical hydrogen generation, 1 hydrogen storage, 2 and two-dimensional crystal synthesis by exfoliation. 3 In most of these studies, the problem of interest is the effect of such point defects on the mechanical properties of the host crystal. A specic example is found in the industrially important case of 'sour' corrosion of steels, where surface passive lms containing layered iron suldes like mackinawite act as the primary barrier layer protecting the underlying steel surface against further corrosion and hydrogen embrittlement. 4, 5 This nominally passive layer helps measurably to reduce the overall corrosion rate and remains protective as long as it retains its physical integrity. 6 Under continued corrosion, this passive lm undergoes spallation leading to exposure of the bare metal and subsequent catastrophic localized corrosion. 5, 6 Therefore, understanding the mechanisms behind mechanical failure of these layered systems in electrochemical environments is critical to improve the service lifetime of steels under sour corrosive conditions.
There are several studies, both experimental and computational, that explain the embrittling role of hydrogen in compromising the mechanical properties on compact (i.e. not van der Waals bonded) crystals like metals, 7 semiconductors 8 and oxides. 9, 10 While there are investigations into the impact of intercalating ions and molecules on the mechanical properties of layered systems, [11] [12] [13] primarily in the context of electrochemical exfoliation of two-dimensional crystals, a similarly rigorous analysis of the role of different hydrogen defects is lacking.
To address this problem, we use density functional theory calculations (details in Section 2) to identify dominant hydrogen defects in mackinawite based on their formation energies and quantify their effect on the mechanical properties of mackinawite by mapping stress-strain behavior. Section 3 describes how molecular H 2 interstitials in low concentrations can signicantly degrade the inter-layer van der Waals bonding and enable easy interlayer sliding and exfoliation of mackinawite crystals and explains this behavior in analogy to interstitials and intercalants in other layered systems. The implications of this loss of mechanical stability for protectiveness of mackinawite lms and for exfoliation strategies for other layered compounds are discussed in Section 4.
Methodology and computational details
The rst step in understanding the impact of hydrogen defects on the mechanical properties of mackinawite is to identify thermodynamically stable hydrogen defects. We calculate formation energies of different hydrogen defect congurations to identify the most stable defect structures expected to exist at moderate temperatures around 200 C encountered under sour corrosion conditions. We then compare the mechanical properties of hydrogencontaining mackinawite crystals to those of hydrogen-free mackinawite crystals by computing virtual stress-strain diagrams for two modes of displacement chosen to reect the strength of the interlayer bond, namely strains along the zdirection, 3 zz (simulating a uniaxial tensile test along the zdirection) and shear strain along a plane perpendicular to the zdirection, g xz and g yz . These virtual stress-strain diagrams give us two important metrics, namely the elastic modulus and the stress to failure, which are then compared among calculations of different hydrogen defect structures.
All Density Functional Theory (DFT) calculations 14 were carried out with the projector augmented wave method 15 using the Perdew-Burke-Ernzerhof (PBE) form of Generalized Gradient Approximation (GGA) functional 16 implemented in the Vienna Ab initio Simulation Package (VASP). 17, 18 For accurate reproduction of the mackinawite electronic structure, the DFT+U method was used with the previously determined value of U À J ¼ 1.6 eV that was found to be suitable for iron chalcogenide phases.
19 Plane wave components up to 350 eV were included to avoid wrap-around errors and integrations in the reciprocal space were performed on a 6 Â 6 Â 6 MonkhorstPack grid that includes 27 non-equivalent points in the Brillouin zone. 20 For defect formation energy calculations, computations were performed on a 2O2 Â 2O2 Â 2 unit cell containing 32 formula units and total energies were converged to within 10 À5 eV in each self-consistency cycle. The forces on ions were converged to within 0.01 eVÅ À1 .
Stress-strain curves are plotted by calculating the internal stresses in the crystal as strains are increased in uniform increments of 0.04. For these high-accuracy calculations, atoms in the crystal were relaxed until forces on each atom are less than 10
À3 eVÅ À1 and all other stress components are less than 5 MPa. In keeping with previous studies, we use the internal stress tensor computed directly by VASP because it avoids the numerical errors associated with the manual calculation of the derivative of the system energy. Previous calculations have shown these two approaches to be identical in the case of another layered system, graphite.
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There are conicting reports on the ground state magnetic conguration of mackinawite, with previous studies that support both antiferromagnetic 22 and non-magnetic 23 congu-rations. In this work, the non-magnetic conguration was found to have a lower system energy, consistent with previous simulations as well as experiments. 24 Therefore, in this work, we use the non-magnetic form of the crystal for all calculations. We further conrm that hydrogen point defect formation energies calculated in this work are within 0.05 eV of the formation energy calculated from a spin-unrestricted simulation of the antiferromagnetic crystal.
Accurately modeling van der Waals forces are essential for modeling the mechanical properties of layered systems. Since semilocal functionals like PBE do not include long-range electronic correlation effects, we use Grimme's DFT-D2 formulation of dispersion interactions to explicitly account for them. 25 While semi-empirical in nature, this approach has previously demonstrated good accuracy in calculating elastic constants in graphite and MoS 2 .
26 Where possible, we have also calculated stress-strain behavior using the optB86b-vdW functional, one of a class of parameter-free formulations of van der Waalsfunctionals. 27 Since the results from the optB86b-vdW functional are qualitatively similar to that of the DFT-D2 method (see ESI †), we will restrict our discussion in Section 3 to DFT-D2 results.
Results and discussion
Previous studies have established that the mechanical response of the hydrogen-doped crystal depends strongly on the specic nature of the hydrogen defect. Section 3.1 describes the identication of sulfur-bonded monoatomic hydrogen interstitial and the interlayer H 2 interstitial as the most stable hydrogen defects in mackinawite. Consequently, only these two defects are analyzed for their impact on mackinawite's mechanical properties. Sections 3.2 and 3.3 show how one of these defect structures, the H 2 interstitial, is responsible for a 90% decrease in the van der Waals bonding strength between mackinawite sheets. The implication of this observation for the performance of mackinawite as a passive lm and prospects for intentional functionalization of this phenomenon are discussed in Section 3.4.
H defect chemistry in mackinawite
We calculate defect formation energies for two classes of hydrogen point defects, H atoms substituting the Fe 2+ or S 2À lattice sites and interstitial H atoms at three crystallographically non-equivalent sites as shown in Fig. 1 . We limit our calculations to neutral H defects in all cases because the metallic mackinawite lms 28 do not admit the presence of charged point defects unlike semiconducting oxides. 10 In addition to these point defects, layered compounds also admit another type of point defect, namely the molecular hydrogen interstitial in the interlayer space. In particular, the H 2 molecule in mackinawite occupies the large tetrahedral void formed between the S 2À ions from adjacent layers (Fig. 1f) . Defect formation energies are calculated using the formula
where DG i f is the free energy of formation of the hydrogen defect, E(FeS$H i ) and E(FeS) are DFT-calculated energies of the hydrogen-containing and hydrogen-free mackinawite crystal, e is the magnitude of electronic charge, U is the electrostatic potential of the mackinawite crystal relative to the standard hydrogen electrode, T is the temperature and k B and pH have their usual meanings. For all formation energies, we use U ¼ À0.5 V relative to the Standard hydrogen electrode (SHE), pH ¼ 5, and T ¼ 200 C to reect conditions that are encountered in sour corrosion. The formation energies for substitutional defects are calculated in the 'iron-rich' chemical potential regime as dened in reference 19. This is appropriate for mackinawite under sour corrosion conditions, where mackinawite lms are in thermodynamic equilibrium with iron. The S-bonded monoatomic hydrogen interstitial and the interlayer H 2 interstitial have the lowest formation energies of all the defects considered and are therefore expected to dominate the hydrogen defect chemistry in mackinawite at low temperatures. Therefore, we will only consider the effect of these two defects on the mechanical properties in subsequent sections.
Finally, the formation energies of the stable monoatomic and molecular hydrogen interstitials in mackinawite are comparable to, but lower than, hydrogen defect formation energies in other similar layered material systems like MoS 2 (DG f ¼ 0.8 eV and 1.4 eV for molecular and atomic interstitials, respectively 30 ). This indicates a greater concentration of hydrogen defects at equilibrium in the mackinawite structure and also supports the choice of a high hydrogen concentration of H : Fe ¼ 0.50 in the following simulations of mackinawite mechanical properties.
Mechanical response to uniaxial strain, 3 zz
The simulated uniaxial tensile test of the H-free mackinawite crystal yields a tensile strength of 1772 MPa and an elastic modulus of 26 GPa (Fig. 2) , which is very similar to experimental and calculated values for out-of-plane elastic modulus for graphite, 31, 32 indicating that the main forces operative in this simulation are van der Waals in the z-direction.
Repeating the simulation on a mackinawite crystal with Sbonded H interstitials, we nd that both the ultimate strength and elastic modulus improve marginally to 2137 MPa and 29 GPa, respectively. This strengthening effect has been previously observed for other interstitial atoms K, Li and Cl in graphite.
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To understand the mechanism behind strengthening, we plot the charge redistribution due to hydrogen defect formation.
Similar to the case of atomic interstitials like K and Cl in graphite as well as small organic molecular interstitials like tetracyanoethylene 33 in MoS 2 , there is moderate charge transfer between the monoatomic interstitial and the mackinawite layers (Fig. 3a) . This introduces new dipolar and hydrogen-bonding interactions between layers which complement the weak van der Waals interactions leading to strengthened interlayer bonds and better mechanical properties.
The mackinawite crystal weakens signicantly in the presence of H 2 interstitials with both the yield stress and elastic modulus decreasing by over 90% to 173 MPa and 1.7 GPa, respectively. This is also similar to other molecular interstitials and intercalants in other layered systems like KCl and C 6 H 6 in graphite. 13 In the absence of any charge transfer to the layered crystal (Fig. 3b) , the closed-shell interstitial species introduces repulsive steric interactions between the host crystal sheets that undermine the attractive van der Waals interactions. This steric behavior of H 2 molecules has previously been observed on graphene monolayers, where the most stable physisorption site for H 2 molecules is the hollow of the hexagonal graphene ring, away from the electron densities of the C-C s bonds. Fig. 2 The presence of molecular hydrogen interstitials reduces both the ultimate strength and elastic modulus by more than 90% compared to the hydrogen-free mackinawite. Fig. 3 Atomic H interstitials induce charge transfer to the mackinawite layers and create dipolar attractive interactions among layers leading to strengthening (a), whereas molecular H 2 interstitials induce only steric repulsion that weakens existing attractive van der Waals bonding (b).
Mechanical response to shear strain, s xz and s yz
Sliding between layers is an inevitable and required mechanism during exfoliation of layered systems. 35 Therefore, resistance to interlayer sliding is an important part of overall resistance to mechanical damage. However, this resistance depends strongly on the specic direction of sliding. This dependence is described by potential energy surface (PES) maps that show the variation of potential energy of the layered system as one crystal sheet sliding over another one. The complete PES maps for hydrogen-free and hydrogen-containing mackinawite crystals in Fig. 4 show that [110] is the easy sliding direction with the lowest energy barriers while sliding along the [100] direction involves the largest activation barrier.
These PES descriptions can be directly related to the shear stress-strain behavior by observing that the resistance to sliding (i.e. the calculated shear stress for a given shear strain) is equal to the gradient of the change in potential energy in the given direction. To capture the impact of Hdefects on the inter-layer binding, we plot stress-strain diagrams for shear strain along two representative directions, [100] and [110] that span the entire range of potential energy gradients.
In the easy-glide [110] direction, the hydrogen-free mackinawite crystal shows a maximum stress of 1279 MPa and a shear modulus of 11 GPa (Fig. 5) , values that are similar to those observed for MoS 2 .
26,36 Similar to the case of tensile strain, atomic H interstitials strengthen interlaminar bonding, making it difficult to shear the sheets relative to one another while H 2 interstitials degrade interlaminar bonding to such an extent that sliding becomes facile.
Hydrogen-induced exfoliation and impact on protectiveness of mackinawite passive lms
The poor mechanical properties of mackinawite crystals containing H 2 interstitials suggest a plausible mechanistic explanation for easy spallation and concomitant poor protectiveness of mackinawite passive lms. It is well known that epitaxiallygrown passive lms on metal surfaces undergo cracking and mechanical damage upon reaching a certain critical thickness in order to release epitaxial strain energy. 37 However, this mechanism is not operative in layered lms like mackinawite, which are capable of accommodating all the epitaxial strain within the inter-layer van der Waals regions. 38 In this context, Hmediated exfoliation emerges as an important mechanism to explain the observed exfoliation and rupture of mackinawite lms.
The effective degradation of interlayer bonds in mackinawite by hydrogen point defects suggest interlayer H 2 evolution as an effective exfoliation technique. In particular, in conducting lms like mackinawite that admit easy intercalation of water and protons, 39 simple cathodic polarization can lead to proton discharge and hydrogen evolution internally, leading to exfoliation. This is a process that can be exploited in other layered systems like 1T-MoS 2 .
It must also be noted that both the high and low concentration of hydrogen defects lead to a similar weakening behavior in mackinawite. The signicant weakening of interlaminar binding in the paper here was quantied in crystals containing a relatively high hydrogen concentration of H : Fe ¼ 0.50 (qualitatively commensurate with the low hydrogen defect formation energies). A similar weakening is also found in crystals with lower hydrogen point defect concentration (H : Fe ¼ 0.125, see Fig. S2 in the ESI †), indicating that these effects are experimentally accessible and relevant.
Summary
In order to understand the impact of hydrogen defects on the mechanical properties of layered systems, we performed in silico stress-strain tests on mackinawite crystals with monoatomic hydrogen interstitials and with interlayer molecular H 2 interstitials. Steric interactions due to molecular H 2 interstitials were found to severely degrade the attractive van der Waals interactions, enabling facile inter-layer sliding and exfoliation.
This nding provides a plausible explanation for the spontaneous cracking and spalling observed in these layered passive lms. The difference in the mechanical behavior due to H and H 2 interstitials also suggests an effective nondestructive exfoliation technique involving electrochemical generation of H 2 molecules in the bulk of layered compounds like Fe 1+x S. Elucidation of this mechanism involves calculation of energy barriers involved in atomic H intercalation and subsequent H 2 evolution which will be the focus of our future work.
